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The  objective  of  this  contract  Is  to  develop  an  optical  multiplexing  device  to  combine  onto  one  channel  the 
information  carried  on  several  separate  fiber  optic  channels  and,  subsequently,  to  perform  the  demultiplexing 
operation  after  transmission  over  distances  of  the  order  of  a km.  The  main  research  effort  Is  the  development 
of  the  optical  multiplexing/demultiplexing  device.  This  device  must  be  compatible  with  multimode  fibers  of 
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1.  INTRODUCTION  AND  SUMMARY 


The  objective  of  this  contract  is  to  develop  an  optical  multi- 
plexing device  to  combine  onto  one  channel  the  information  carried  on 
several  separate  fiber  optic  channels  and,  subsequently,  to  perform  the 
demultiplexing  operation  after  transmission  over  distances  of  the  order  of 
a km.  The  proposed  system  is  shown  in  Fig.  1.  Twelve  transmitting 
stations  use  LED's  or  semiconductor  lasers  to  send  asynchronous  data  at 
32  kbit/s  over  multimode  fibers  to  a centrally  located  multiplexer  station. 
Figure  2 shows  this  station  in  more  detail.  The  information  on  the  twelve 
fibers  is  combined  by  time  division  multiplexing  (sampled  at  320  kbit/s  per 
channel)  onto  three  fibers  by  means  of  three  identical  4:1  multiplexers. 

In  addition,  a visible  LED  is  modulated  with  the  timing  information,  which 
is  also  sent  on  the  multimode  fibers.  At  the  demultiplexing  end,  the 
timing  information  is  separated  by  color  filters,  and  identical  optical 
devices  perform  the  demultiplexing  operation.  The  main  thrust  of  this 
contract  is  the  development  of  the  optical  mutliplexing/demultiplexing 
device.  This  device  must  be  compatible  with  multimode  fibers  of  relatively 
large  numerical  aperture,  exhibit  total  throughput  losses  less  than  15  dB, 
total  signal  to  crosstalk  ratio  of  more  than  20  dB,  and  a bandwidth  capa- 
bility of  1.3  MHz. 

This  report  covers  the  work  performed  during  a one  year  effort 
beginning  May  1976.  During  the  past  year  a complete  multiplexed  optical 
data  link  that  meets  nearly  all  of  the  criteria  outlined  above  has  been 
constructed  and  tested.  The  main  effort  centered  on  the  development  of  the 
electro-optic  switching  device,  a thin  crystal  nf  LtTaO.,  that  controls  the 
flow  of  light  with  the  application  of  appropriate  voltages.  Several  designs 
were  constructed  and  tested  before  the  final  design  was  chosen.  The  final 
multiplexer  design  exhibited  less  than  15  dB  throughput  loss,  and  operates 
at  high  frequency  with  up  to  .25  numerical  aperture  fibers.  The  inherent 
Signal  to  crosstalk  ratio  is  about  15  dB,  5 dB  less  than  the  requested 
performance. 
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FIG.  2 Fiber  connection  block  diagram  for  3 dB  coupler  EO  multiplexer. 
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Following  the  construction  of  the  devices,  permanent  fiber-to- 
device  connections  were  developed,  and  the  complte  multiplexer  and  de- 
multiplexer units  were  packaged  with  integral  butt  coupled  fibers.  This 
is  the  first  reported  development  of  an  optical  switch  with  fibers 
produced  as  a permanent  package.  All  performance  characteristics  were 
maintained  except  for  the  signal  to  crosstalk  ratio  which  declined  to 
about  12  dB. 

Finally,  the  feasibility  of  optical  multiplexing  was  demonstrated 
by  operating  the  multiplexer  units  and  fibers  in  an  optical  data  link.  A 
GaAlAs  laser  source  was  modulated  at  32  kbits/s  while  the  multiplexer  and 
demultiplexer  sampled  each  channel  at  the  rate  of  10  times  per  bit.  The 
output  was  monitored  by  a PIN  photodetector,  and  the  total  link  loss  for 
the  multiplexer  and  demultiplexer  units  and  a fiber -to-fiber  connector  was 
measured  at  less  than  30  dB. 

The  next  seven  sections  of  this  report  describe  the  progress  made 
in  detail.  In  Sec.  2,  the  general  principles  of  operation  of  the  Sperry 
Research  Center  (SCRC)  multimode  optical  switching  devices  are  discussed. 
Electrodes  are  evaporated  on  both  sides  of  a thin  crystal  of  LiTaO^,  and 
an  applied  voltage  across  the  thickness  of  the  crystal  produces  index 
changes  which  direct  the  flow  of  light.  Multimode  fibers  are  directly 
butt  coupled  to  the  input  and  output  of  the  crystal.  In  addition,  a non- 
normal  incidence  butt  coupling  scheme  can  be  used  to  collimate  the  fiber 
light  so  that  relatively  large  NA  fibers  can  be  used. 

Section  3 describes  the  first  optical  multiplexer  design,  known 
ss  the  3 dB  coupler  multiplexer.  Tn  this  version  of  the  multiplexer, 
light  is  guided  in  a main  channel  and  may  be  switched  into  any  of  four 
branch  channels  by  a control  voltage  applied  to  gate  electrodes  which  guard 
the  branch  entrances.  This  design  achieved  throughput  losses  of  about 
15  dB  and  a signal  to  crosstalk  ratio  of  only  10  dB.  In  addition,  this 
version  required  a long  crystal  for  fabrication,  more  than  7 cm,  and  this 
leads  to  some  difficulties  in  the  fabrication  process. 
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Soon  after  the  3 dB  coupler  multiplexer  was  constructed  and 
tested,  a new  design  termed  the  spoiler  electrode  multiplexer  was 
developed,  and  this  is  described  in  Sec.  4.  The  spoiler  design  allows  the 
light  to  emanate  freely  from  the  input  butt  coupled  fiber  and  impinge  on 
four  output  ports  at  the  opposite  end  of  the  crystal.  Spoiler  electrodes 
are  placed  in  front  of  these  output  ports  and  block  or  open  the  entrances 
to  the  output  fiber  in  response  to  a voltage.  The  spoiler  design 
achieves  throughput  losses  between  10  and  15  dB  with  a signal  to  crosstalk 
ratio  of  14  to  16  dB.  In  addition  it  requires  only  a 3 to  4 cm  length  of 
LiTaO^  for  construction,  about  one-half  that  of  the  3 dB  coupler  multi- 
plexer . 

Coupling  of  optical  fibers  is  one  of  the  more  critical  problems 
for  most  optical  data  links,  and  Sec.  5 details  the  results  of  packaging 
an  electro-optic  device  with  coupled  fibers  in  a permanent  fashion.  The 
procedure  entails  creating  accurate  grooves  photolithographically  for 
fiber  alignment  and  then  epoxying  the  fibers  in  place.  The  fiber  holders 
are  then  aligned  with  the  device  and  also  epoxied. 

Section  6 describes  the  other  components  used  in  the  test  optical 
data  link.  Connectors  are  again  required  for  source  to  fiber,  fiber  to 
detector,  and  fiber  to  fiber  coupling.  The  multiplexer  and  demultiplexer 
drive  electronics  were  developed  specifically  for  this  project  and  supply 
a sequential  400  V,  1.28  MHz  signal  while  consuming  less  than  50  W of  power. 
The  source,  detector,  and  fiber  were  purchased  commercially. 

In  Sec.  7 the  detailed  results  of  the  tests  run  on  the  packaged 
multiplexers  and  the  complete  multiplexed  data  link  are  described.  No 
operational  problems  were  noted;  that  is,  the  packaged  devices  functioned 
in  the  link  as  predicted  from  the  optical  bench  tests.  This  entire  link 
was  delivered  to  ECOM,  while  another  link  was  constructed  for  further 
experimentation  at  SCRC.  The  research  is  summarized  in  Sec.  8,  and  sug- 
gestions for  future  improvements  and  research  are  included. 


2.  THEORY  OF  MULTIMODE  LAYERED  OPTICAL  DEVICES 
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The  theory  of  multimode  optical  switching  used  by  SCRC  has  been 
detailed  in  Ref.  1 and  the  references  contained  therein;  however,  for 
completeness  the  important  points  are  summarized  here. 

2.1  General  Background 

A technique  for  creating  active  optical  switching  devices  has 

been  developed  at  SCRC.  This  technique  uses  the  quadratic  behavior  of 

Snell's  law  for  light  incident  at  grazing  angles  onto  boundaries  containing 

small  refractive  index  discontinuities  to  cause  electrically  controllable 

amounts  of  refraction  or  reflection.  Using  Snell's  law  in  the  small  angle 

approximation,  the  critical  angle  for  internal  reflection  6.  can  be 

c 

expressed  in  terms  of  the  index  of  the  medium  n and  the  index  change  An 

2 

across  the  boundary  as  9 = 2An/n.  The  importance  of  this  quadratic 

c -3 

behavior  is  readily  apparent.  Namely,  fractional  index  changes  of  10 

suffice  to  produce  a critical  angle  of  1.7°  and  hence  enable  one  to 

reflect  or  to  pass  any  beam  having  an  angular  divergence  of  less  than  this 

amount.  The  utility  of  the  above  observation  stems  from  the  fact  that 
•*3 

index  changes  of  10  can  be  produced  electro-optically  in  a variety  of 
materials,  e.g.,  SrlxBaxNb206,  KTaxNbj_x0g,  Ba2NaNb20l5,  LiTaOg  and 
LiNbOg. 

Of  these  materials,  LiNbOg  (LN)  and  LiTaOg  (LT)  appear  most 

practical  at  the  present  time.  The  crystal  growth  art  for  LN  and  LT  has 

become  highly  refined  in  recent  years.  Large  boules  12  cm  long  and  5 cm 

in  diameter  with  excellent  optical  quality  and  high  resistivity  are  now 

3 

grown  routinely  and  are  commercially  available  at  costs  of  $9/cm  . These 
materials  can  be  polished  without  introducing  significant  work  strain, 
have  a high  Pockel's  coefficient,  a low  loss  tangent,  are  resistant  to 
optical  damage,  and  are  stable  against  depoling  over  the  entire  military 
temperature  range. 

Given  the  materials  LN  and  LT  to  work  with,  the  principal 
design  criteria,  high  input  and  output  coupling  efficiencies  between 
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fibers  and  electro-optic  material,  can  be  met  by  choosing  the  thickness  of 
the  electro-optic  medium  to  be  approximately  equal  to  the  core  diameter  of 
the  fibers.  The  simplest  type  of  electro-optic  multimode  device  that  one 
may  construct  consists  of  a single  electro-optic  channel.  Such  a device 
is  shown  in  Fig.  3.  This  structure  uses  the  upper  and  lower  surfaces  of  the 
crystal  both  to  confine  the  injected  light  to  the  crystalline  layer,  and  to 
create  perpendicular  electric  fields  through  the  entire  thickness  of  the 
crystal . 

Although  it  is  readily  apparent  that  the  high  index  of  LN  or  LT 

(~  2.2  for  both  e and  o rays)  suffices  to  confine  a highly  divergent  light 

beam  to  the  crystal,  such  highly  divergent  light  beams  cannot  be  readily 

controlled  in  the  plane  of  the  crystal  by  electro-optic  means.  Using  the 

structure  shown  in  Fig.  3,  an  excitation  of  400  volts  across  a 75  urn  thick 

-3 

crystal  produces  a 10  change  in  index.  As  noted  above,  this  change  is 
only  sufficient  to  guide  light  that  diverges  by  ±1.7°  in  LT  or  LN  or, 
because  of  the  index  change  between  crystal  and  air,  about  ±3.6°  in  air. 

A potential  problem  then  arises  due  to  the  fact  that  voltages 
much  in  excess  of  400  must  be  avoided  in  order  to  prevent  breakdown  through 
the  crystal  and  the  fact  that  most  multimode  fibers  have  divergence  angles 
appreciably  greater  than  ±4°  in  air.  A very  simple  technique  has  been 
developed  for  simultaneously  collimating  the  light  while  butt  coupling  the 
light  to  the  electro-optic  crystal,  thereby  eliminating  the  need  for 
external  lenses.  This  collimation  technique,  illustrated  in  Fig.  4,  allows 
the  ±7.5°  to  ±15°  emission  angle  of  multimode  fibers  to  be  controlled 
electro-optically  in  LT  or  LN  without  exceeding  the  crystalline  breakdown 


voltage. 

In  Fig.  4(a),  divergent  light  is  incident  at  angle  6 from  glass 
through  air  onto  a crystal  having  an  index  greater  than  glass.  Snell's 
law  indicates  that  rays  incident  at  larger  angles  are  bent  to  a greater 
degree  than  rays  incident  at  more  normal  angles.  Figure  4(b)  shows  a 
natural  extension  of  this  idea  where  the  intermediate  air  region  has  been 
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FIG.  3 Electro-optic  channel  produced  by  applying  voltage  across  an 
electro-optic  crystal  such  as  LiNb03  or  LiTa03- 
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FIG.  4 (a)  Principle  of  collimation  via  non-normal  incidence. 

(b)  Collimation  by  non-normal  incidence  butt  coupling. 


fiber  to  the  crystal.  One  can  readily  show  for  a glass-LT  (or  LN)  inter- 
face that  fibers  terminating  at  angles  of  69° , 75°  and  79°  yield  collima- 
tion  factors  of  2,  3 and  4,  respectively.* 

2.2  Device  Applications 

By  controlling  the  effectiveness  of  the  electro-optic  channel, 

2 

one  can  construct  the  two  port  modulator  shown  in  Fig.  5.  This  device 
uses  a 75  pm  thick  c-cut  wafer  of  LT  1.5  cm  long  with  Cr/Al  stripe 
electrodes.  Although  the  insertion  loss  from  a Corning  fiber  is  relatively 
large  due  to  the  use  of  normal-incidence  butt  coupling,  50%  and  25% 
modulation  depths  were  induced  with  15  V and  5 V ac  rms,  respectively. 

The  rise  time  of  this  modulator  was  measured  to  be  less  than  3 ns. 

Additional  improvements  in  the  design  of  modulators  of  this  type 

3 

were  recently  obtained  using  the  double  strip -electrode  geometry  shown 
in  Fig.  6.  For  this  structure  a voltage  is  applied  to  two  pairs  of  elec- 
trodes so  as  to  produce  a decrease  in  n on  either  side  of  the  light  path. 
This  method  yeilds  equivalent  performance  as  far  as  modulation  depth  is 
concerned,  but  may  be  superior  because:  (1)  "barrier  guides"  do  not 
suffer  from  electrode  absorption  loss,*  (2)  the  light  does  not  travel  in 
the  high  electric  field  region  of  the  crystal,  thus  limiting  possible 
photoelectric  effects,  (3)  light  that  is  outside  the  guide  can  be  prevented 
from  entering  the  guide,  thus  limiting  crosstalk. 

The  next  device  fabricated  at  SCRC  was  the  electrically  controlled 
4 

directional  coupler  shown  in  Fig.  7.  In  this  case  a 54  pm  thick  c-cut 
plate  of  single  crystal  LN  was  used.  The  branch  angle  lies  at  1°  angle 
with  respect  to  the  main  channel  and  has  a width  that  tapers  to  zero  in  the 
interaction  region.  The  gap  between  the  branch  and  main  channels  was  75  pm 
and  the  total  crystal  length  1.7  cm.  The  switch  was  designed  to  work  with 
a light  beam  having  an  angular  divergence  of  ±2°  in  the  crystal  (i.e.,  ±4° 
in  air)  for  which  case  the  1°  branch  geometry  creates  an  active  3 dB 
coupler.  LN  was  chosen  because  the  dielectric  anisotropy  enlarges  the 
lateral  spread  of  the  fringing  fields  into  the  inter electrode  region  of 
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the  crystal. 

If  electrical  excitation  is  applied  only  to  the  main  channel, 
the  lower  index  of  the  crystal  in  the  interelectrode  gap  acts  as  a barrier 
that  reflects  light  incident  on  this  wall  back  toward  the  main  channel 
axis.  If  both  branch  and  main  channel  electrodes  are  excited,  the  barrier 
is  removed  and  the  switch  acts  as  a 3 dB  directional  coupler.  With  this 
coupler  the  achromatic  nature  of  the  electro-optic  barriers  was  verified 
by  using  white  light  excitation  from  an  incandescent  source. 

The  3 dB  coupler  may  also  be  implemented  using  a barrier  guide 
structure,  as  shown  in  Fig.  8.  In  this  case  a voltage  is  applied  to  a 
gate  to  block  the  light  from  leaving  the  main  channel  and  entering  the 
branch  channel.  Removing  the  voltage  from  the  gate  makes  this  barrier 
disappear.  The  3 dB  coupler  using  barrier  guides  thus  has  the  advantage 
that  no  remanent  fringing  field  barrier  exists  when  the  branch  guide  is 
open  and  LT  can  be  used  instead  of  LN,  since  the  extent  of  the  fringing 
field  is  no  longer  relevant. 

3.  TOE  3 dB  COUPLER  MULTIPLEXER 
3.1  Theory  and  Design 

A 4:1  multiplexer  design  using  3 dB  Couplers  is  shown  in  Fig.  9. 
(For  the  sake  of  clarity,  the  non-normal  incidence  butt  coupling  has  been 
omitted.)  A dc  voltage  of  approximately  400  V is  applied  to  the  barrier 
guide  electrodes,  while  the  time  division  multiplexing  is  performed  by 
sequentially  removing  the  voltages  from  the  four  gate  electrodes.  The 
reciprocity  theorem  guarantees  that  the  same  device  can  be  used  for  de- 
multiplexing by  reversing  the  direction  of  the  light  flow. 

In  order  to  design  the  3 dB  coupler  multiplexer,  the  fiber  NA 
and  core  aize  are  first  specified.  In  general,  this  NA  may  range  from  .14 
to  .30,  while  the  core  diam  is  50  to  85  tun.  As  described  in  Sec.  2,  the 
maximum  angular  range  of  TO  light  that  may  be  guided  is  less  than  ±2°  in 
the  crystal  and,  therefore,  the  required  collimation  factor  must  be 


I 


I 

I 


computed  to  reduce  the  given  NA  to  within  that  angular  range.  The  magnitude 
of  the  collimation  factor  is  about  two-or  three-fold  for  NA=  .16  or  .25. 
respectively.  This  collimation  factor  is  multipled  by  the  fiber  core 
diameter  to  give  the  width  between  guide  electrodes  except  that  approxi- 
mately one  crystal  thickness  must  be  added  on  each  side  of  the  channel  to 
take  into  account  the  fringing  electric  field*  from  the  opposing  electrodes. 
The  crystal  thickness  is  approximately  equal  to  the  fiber  core  diameter, 
although  somewhat  thinner  crystals  may  be  used  to  reduce  the  voltage  without 
sacrificing  throughput  loss.  However,  a thinner  crystal  will  be  more  fragile 
and  more  difficult  to  work  with. 

The  intersection  angle  of  the  main  channel  and  the  branch 
channels  is  fixed  by  a compromise  between  interaction  length  and  light 
throughput.  A narrower  angle  yields  more  light  tapped  off,  but  the  length 
of  the  coupler  is  given  by  the  width  of  the  branch  divided  by  the  tap-off 
angle,  so  that  overall  length  considerations  limit  the  angle  to  1°  or  so. 

The  3 dB  coupler  multiplexer  is  also  designed  to  use  some  of  the 

TE  light  from  the  fiber.  TE  light  is  polarized  in  the  plane  of  the  crystal 

and,  for  z-cut  LN  or  LT  crystals,  the  appropriate  electro-optic  coefficient 
1 2 -12 
is  r^g  = 7 x 10  m/V,  as  opposed  to  r^g  = 30  x 10  m/V  used  for  the  TM 

polarization.  Thus  a given  applied  voltage  produces  only  1/4  the  index 

change  for  TE  light  as  opposed  to  TM  light.  The  quadratic  relationship 

between  guiding  angle  and  the  induced  index  change,  however,  actually 

allows  1/2  of  the  TE  light  to  be  guided.  An  introductory  length  of  barrier 

guide  is  used  on  the  3 dB  coupler  design  in  order  to  allow  the  unguided  TE 

light  to  escape  from  the  guide.  This  light  is  then  shielded  from  impinging 

on  the  output  ports  by  the  barrier  guide  structure  which  prevents  outside 

light  from  entering  the  channel. 


The  exact  fiber  and  crystal  angle  required  for  a particular 
degree  of  collimation  depends  on  the  refractive  index  of  the  fiber  core  and 
the  crystal.  Since  the  angular  cone  of  light  to  be  controlled  is  only  ±2°, 
clearly  the  angular  tolerance  for  matching  the  fiber  to  the  electrode 
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of  fiber  and  crystal  must  be  determined  quite  accurately. 

The  fiber  core  index  was  determined  by  etching  off  the  fiber 
cladding  with  buffered  HF,  and  then  using  a series  of  known  index  fluids 
with  the  fiber  core.  The  fiber  core  was  immersed  in  this  sequence  of 
fluids  and  photographed  under  a microscope.  When  the  fiber  core  index 
fluid  interface  vanished,  the  fiber  core  index  equalled  the  fluid  index. 

This  occurred  for  n=1.465  for  ^=.589  pm  for  the  Corning  fiber,  which 
extrapolates  to  n=1.464  at  ^=.633  pm  if  the  dispersion  curve  for  pure  fused 
silica^  is  used.  Note  that  this  result  is  not  the  same  as  the  refractive 
index  for  pure  fused  silica,  which  is  n=1.457  at  .63  pm. 

The  crystal  index  for  LT  can  vary  considerably  depending  on  the 
composition  of  the  melt.^  The  LT  used  for  the  multiplexer  was  grown  from 
the  congruent  composition^  (LiTa=.951),  which  implies  a refractive  index 
of  ne=2.102.  In  order  to  confirm  this,  measurements  were  made  using  the 
method  of  minimum  deviation,  and  a prism  of  LT.  These  experiments  gave 
ne=2.177,  which  is  considerably  off  from  the  predicted  value.  A compromise 
value  of  2.180  was  used  in  the  calculations  of  collimation  angle. 

The  exact  angle  of  the  electrode  pattern  relative  to  the  crystal 
edge  is  also  affected  by  the  shape  of  the  angular  cone  of  light  in  the 
crystal.  While  the  refractive  index  change  will  contain  about  ±2°  in  the 
crystal,  when  extreme  angles  are  used  for  collimation,  the  actual  cone  of 
light  is  not  symmetrical  about  the  central  ray.  This  comes  about  because 
the  collimation  and  reflection  coefficient  are  strong  functions  of  the 
incident  angle.  A computer  program  was  developed  to  compute  the  actual 
intensity  profile  of  the  fiber  cone  of  light  in  the  crystal  and  the  results 
are  shown  in  Figs.  10  and  11  for  three-fold  collimation  and  TM  and  TE 
polarizations,  respectively.  The  graphs  give  light  intensity  vs  the  angle 
in  the  crystal  relative  to  the  central  angle  of  40.6°  computed1  for  three- 
fold collimation  using  the  fiber  and  crystal  indices  given  above.  As  can  be 
seen  from  the  graph,  there  is  not  a symmetrical  cone  of  light,  but  rather  a 
curve  skewed  toward  smaller  angles,  especially  for  larger  numerical  aperture. 
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Therefore  in  computing  the  proper  angle  of  the  electrode  pattern,  a correction 
factor  of  .6°  or  .4°  was  used  for  three-fold  or  two-fold  collimation,  respec- 
tively. Table  1 summarizes  the  results  of  these  calculations  for  NA  a .20. 

There  are  a number  of  different  contributions  to  the  theoretical 

throughput  loss  for  this  multiplexer.  The  reflection  losses  for  TE  and  TM 

light  are  1 and  4.5  dB,  respectively,  for  both  interfaces  using  three-fold 

collimation.  An  index  fluid  can  be  used  to  cut  this  loss  a great  deal 

since,  for  n =1.47  and  n =2.18,  the  optimum  index  for  an  antireflection 
9 c o 

layer  is  1.62  at  an  incident  angle  of  75  . This  reduces  the  reflection 
losses  to  .5  and  2.5  dB  for  TE  and  TM  light,  respectively.  Another  loss 
occurs  due  to  the  portion  of  TE  light  which  is  not  confined  by  the  wave- 
guide. Also,  the  light  that  is  captured  is  free  to  spread  in  the  fringing 
electric  field  to  a width  greater  than  the  initial  channel  width,  and  this 
light  is  not  recaptured,  leading  to  an  estimated  1 dB  loss.  Finally,  there 
is  a size  and  shape  mismatch  which  is  inevitable  between  the  crystal  and 
fiber,  and  this  results  in  approximately  1.5  dB  loss.  These  losses  are 
shown  in  Table  2,  and  the  total  estimated  loss  is  about  6 dB  in  going  through 
the  main  channel.  To  this  loss  the  switch  loss  must  be  added  in  order  to 
obtain  the  output  of  the  branch  channel.  A more  detailed  analysis  of  the 
switch  loss  should  take  into  account  the  fringing  electric  field  distribu- 
tion, particularly  in  the  region  of  the  branch  intersection.  Such  a numerical 
analysis  has  not  been  completed  but  a qualitative  argument  can  be  made  which 
leads  to  the  conclusion  that  there  will  be  a 5 or  6 dB  (TM)  switching  loss. 
Thus  the  total  theoretical  loss  of  this  multiplexer  is  approximately  13  dB. 
There  is  also  the  possibility  of  decreasing  this  switch  loss  by  inserting 
deflector  electrodes  in  the  main  channel  to  tap  off  more  of  the  light. 

However,  this  change  would  entail  complicated  electrical  connections  and 
would  be  difficult  to  fabricate  at  the  present  time. 

There  are  a number  of  variations  to  the  basic  multiplexer  design 
of  Fig.  9.  In  Fig.  12,  one  of  the  four  3 dB  couplers  is  shown  with  a 
"spoiler"  electrode  added  to  the  branch  channel,  and  electrically  connected 
to  the  gate.  The  purpose  of  this  electrode  is  to  increase  the  signal  to 
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Collimation 

Fiber 

Predicted 

Corrected 

Factor 

Angle 

Crystal  Angle 

Crystal  Angle 

2 

66.9 

38.2 

37.8 

3 

75.3 

40.6 

40.0 

4 

79.2 

41.3 

40.5 

Table  1. 

Fiber  and  crystal 

angles  as  a function  of 

collimation  factor. 

I 


Reflection  Loss 
(index  fluid) 

Unconfined  TE  light 

Fringing  field 

Size  mismatch 

MAIN  CHANNEL  OUTPUT 

Switch  Loss 

BRANCH  CHANNEL  OUTPUT 


TE 

.5 

3.0 

1.5 

1.5 

6.5 

9 

15.5 


TM 

2.5 

0 

1.5 

1.5 

5.5 

6 

11.5 


AVG  = 13  dB  Loss 


TABLE  2.  Theoretical  Loss  Components  in  dB  for  the  3 dB  Coupler 
Multiplexer. 
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FIG.  12  Barrier  waveguide  3 dB  coupler  with  spoiler  electrode. 
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crosstalk  ratio  by  deflecting  light  which  may  leak  through  the  gate  when 
the  branch  channel  is  "off".  In  addition,  a voltage  applied  to  increase  the 
refractive  index  may  help  to  guide  more  light  to  the  output  fiber  when  the 
branch  is  on. 

Another  possible  improvement  of  the  basic  3 dB  coupler  design  is 
shown  in  Fig.  13.  In  this  case  the  width  of  the  branch  channels  is  tapered. 
This  is  a decollimation  procedure  which  increases  the  light  cone  angle  while 
shrinking  the  channel  size.  The  advantage  of  this  approach  is  that  it  may 
be  possible  to  substitute  this  taper  technique  for  the  non-normal  incidence 
butt  coupling  procedure  at  least  at  one  end  of  the  device.  Also  included 
in  this  design  is  a narrow  stripe  spoiler  electrode. 

3.2  Results  for  3 dB  Coupler  Multiplexer 

Several  3 dB  coupler  multiplexers  were  constructed  using  the  guide- 
lines outlined  above  in  Sec.  3.1.  In  all  cases,  the  main  channel  was  355  ixm 
wide.  This  width  results  from  the  angular  termination  of  an  B5  nm  core 
fiber  for  three-fold  collimation,  plus  50  Urn  (LT  crystal  thickness)  added  to 
each  side  for  the  fringing  field.  A branch  angle  of  1°  was  used  which  implied 
a switch  length  of  about  2.25  cm  (switch  length  = channel  width/sin(l°)) . 

Also,  another  2.25  cm  is  used  for  the  initial  channel  length,  yielding  a 
total  device  length  of  6.75  cm.  A sketch  of  the  actual  mask  design  is 
shown  in  Fig.  14.  The  drawing  has  an  approximate  10:1  scale  ratio  so  that 
the  narrow  branch  angles  are  more  visible.  For  this  top  mask,  the  electrical 
connections  to  the  gate  electrodes  are  brought  out  to  the  side  of  the  crystal. 
The  bottom  mask  is  almost  identical,  except  that  the  gate  and  barrier  elec- 
trodes are  connected  and  the  pattern  is  at  a uniform  ground  potential. 

Figure  15  illustrates  the  device  in  use  with  fibers  and  shows  sections  of 
the  actual  mask  used  to  make  the  pattern  of  Fig.  9.  Two  photographs  of  a 
completed  4:1,  3 dB  coupler  multiplexer  are  shown  in  Fig.  16. 

Two  fibers  were  used  for  the  testingi  Corning  (85  tim  core* 

NA  ■ .18)  and  ITT  (50  tim  core,  NA  * .25).  In  each  case  the  He-Ne  laser 
was  used  with  two  microscope  objectives,  lOx  and  45x,  so  as  to  overfill 
the  specified  NA  of  both  fibers.  This  resulted  in  a measured  NA  of  .20 
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for  the  Corning  fiber  and  .25  for  the  ITT  fiber.  The  input  and  output 
lengths  of  fiber  were  about  .5  m long  with  three-fold  collimation  termina- 
tions on  one  end.  The  values  of  throughput  loss  for  the  multiplexer  which 
were  measured  are  defined  as  the  ratio  of  the  power  out  of  the  input  fiber 
divided  by  the  power  out  of  the  output  fiber.  The  experimental  setup  is 
shown  in  Fig.  17. 

The  basic  performance  of  the  3 dB  coupler  multiplexer  without 
spoiler  electrodes  is  presented  in  the  graph  in  Fig.  18.  In  this  case 
the  .25  NA  fiber  was  used  with  the  4tl  multiplerer.  4300  V was  applied 
to  the  guide  electrodes  while  the  gates  were  switched  between  4300  V 
(closed)  and  -100  V (open).  The  output  fiber  was  scanned  along  the  output 
end  of  the  crystal  with  one  gate  open  for  each  run.  From  the  graph  we 
see  that  the  output  of  the  main  channel  i6  about  7 dB  down  from  the 
input  level.  This  is  one  dB  more  than  the  theoretical  analysis  pre- 
dicts and  might  be  due  to  imperfections  such  as  slight  misalignment 
of  the  fiber  and  crystal,  or  our  loss  estimates  for  the  fringing  field 
and  size  mismatch  may  be  too  optimistic*  The  output  from  the  branch 
channels  is  7 to  9 dB  below  the  main  channel  intensity,  which  corresponds 
to  the  7.5  dB  predicted  in  Sec.  3.1*  The  total  throughput  loss  is 
approximately  15  dB,  which  meets  the  minimum  ECOM  requirement. 

The  signal  to  crosstalk  ratio  defined  as  the  output  of  the 
branch  channel  with  the  gate  (opon)  divided  by  the  gate  (closed)  output,  can 
be  read  from  the  graph  and  in  all  case6  is  larger  than  10  dB.  Since  this 
signal  to  crosstalk  ratio  was  not  felt  to  be  adequate,  two  additional  de- 
vices ware  built  using  the  design  of  Figs.  12  and  13»  which  incorporate 
spoiler  electrodes  in  the  branch  channels  in  order  to  improve  the  isola- 
tion of  the  output  ports.  Both  devices  had  dimensions  which  were  basically 
Identical  to  the  original  design  of  Fig.  9»  except  that  some  modifications 
in  construction  were  necessary  in  order  to  make  electrical  connections  to 
the  spoiler  electrodes.  In  the  standard  design  all  electrical  connec- 
tions ware  brought  out  to  the  side  of  the  crystal  as  shown  in  Fig.  14. 


However,  because  of  the  complexity  of  the  3 dB  coupler  multiplexer  with 
spoilers,  electrical  connections  had  to  be  made  from  above,  through  holes 
in  an  insulating  layer  of  photoresist. 


i 


The  initial  measurements  on  the  device  with  triangle  spoilers 
indicated  a small,  perhaps  3 dB,  improvement  in  the  signal  to  crosstalk 
ratio.  However,  these  initial  measurements  could  not  be  reproduced,  and  a 
careful  inspection  showed  that  a crack  had  developed  across  the  crystal  pro- 
ducing an  electrical  open  circuit  for  part  of  the  electrical  pattern  and 
caused  much  scattered  light.  The  thin,  50  to  75  pm  crystals  are  quite 
fragile  and  care  must  be  taken  during  various  stages  of  construction.  But 
after  most  devices  are  fabricated,  they  are  sandwiched  between  glass  plates 
and  layers  of  glycolphthalate^  making  them  generally  quite  secure  and  stable. 
It  is  possible  that  the  added  construction  procedure  required  to  make 
contact  with  the  spoiler  electrodes  caused  excess  stress  which  led  to  the 
destruction  of  the  device. 


The  second  spoiler  design  used  with  the  3 dB  coupler  multiplexer 
employed  a single  stripe  spoiler  with  tapered  output  ports.  This  device  never 
operated  properly  and  had  a worse  signal  to  crosstalk  ratio  than  the  stand- 
ard design.  The  exact  reason  for  this  failure  is  not  known,  but  again  the 
stress  caused  by  epoxying  directly  to  the  crystal  in  the  region  of  light 
travel  may  have  played  a major  role.  Such  mechanical  stresses  could  cause 
inperfections  in  the  crystal  or  induce  refractive  index  changes  capable  of 
scattering  the  incident  light.  Theoretically,  however,  this  design  still 
seems  promising,  and  improved  fabrication  techniques  could  overcome  the 
above-mentioned  difficulties. 

An  inherent  drawback  in  a device  design  that  requires  construction 
on  a crystal  7 cm  by  50  pm  thick  is  that  the  design  will  be  difficult  and 
expensive  to  implement.  This  difficulty  also  limits  construction  of 
several  versions  or  iterations  of  similar  device  designs  or  even  to 
fabricate  multiple  copies  of  a single  design.  This  makes  it  difficult  to 
perform  the  necessary  experiments  to  maximize  device  performance.  As 
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described  above,  three  multiplexers  were  made,  and  one  operated  adequately, 
but  further  effort  with  this  approach  was  not  attempted  due  to  the  large 
size  of  the  thin  crystals.  Therefore,  an  effort  was  made  to  find  a design 
with  at  least  equivalent  performance,  but  using  smaller  crystals.  The 
results  using  the  new  design  are  described  in  the  next  section. 

4.  THE  SPOILER  ELECTRODE  MULTIPLEXER 
4.1  Theory 

The  spoiler  multiplexer  design  performs  4:1  multiplexing  on  an 
LT  crystal  of  length  significantly  ltess  than  the  7 cm  required  for  the  3 dB 
coupler  multiplexer.  This  new  design  is  shown  (without  butt  coupling  col- 
limation,  for  simplicity)  in  Fig.  19.  For  this  device,  the  light  is  allowed 
to  spread  freely  from  the  butt  coupled  fiber  and  impinge  on  four  output 
ports  placed  symmetrically  at  the  opposite  end  of  the  crystal,  A long 
narrow  electrode  is  positioned  in  front  of  each  output  fiber,  so  that 
a decrease  in  refractive  index  will  block  the  exit  port,  while  reversing 
the  voltage  will  help  guide  light  to  the  output.  In  this  design  there 
is  a minimum  6 dB  power  division  loss,  since  the  power  is  split  among 
the  four  output  ports,  whereas  in  the  3 dB  coupler  design  there  is  an 
inherent  minimum  3 dB  loss.  However,  as  will  be  shown  later,  the  total 
throughput  loss  is  actually  the  same  or  lower  for  the  new  design. 

One  possible  design  procedure  will  now  be  outlined  for  the 
spoiler  multiplexer.  First,  the  size  of  the  fiber  core  and  the  desired 
spacing  between  output  ports  (due  to  fiber  cladding,  for  example)  are 
specified  and  used  to  compute  If,  the  overall  width  of  the  output  section. 

Next,  the  fiber  NA  is  used  to  calculate  cr,  the  maximum  angle  in  the  cry* 
stal,  the  crystal  length  L is  fixed  by  the  requirement  that  the  cone 
angle  fully  illuminate  If.  The  maximum  angular  range  of  light  0 (Fig. 20) 
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FIG.  19  Electrode  design  for  spoiler  multiplexer. 
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that  can  travel  from  the  input  to  the  output  port  is  then  computed. 

If  this  range  is  less  than  about  1°  then  the  design  is  satisfactory* 
since  1°  is  about  the  largest  angle  that  can  be  deflected  for  the  TE 
polarization  in  LiTaO..  However*  if  the  maximum  range  of  incident 
angles  is  larger  than  1°  then  L must  be  increased.  In  order  to  do  this 
without  also  increasing  the  throughput  loss*  the  effective  fiber  NA 
is  decreased  by  collimation.  The  procedure  is  repeated  until  an 
acceptably  small  angular  range  is  found.  The  deflector  electrodes  are 
then  designed  as  illustrated  in  Fig.  20.  With  this  design*  no  light 
ray  can  travel  from  the  input  to  an  output  without  encountering  a 
spoiler  electrode  at  an  angle  of  less  than  1°.  For  an  85  pin  core  diam 
fiber  with  125  pm  OD,  such  a design  calculation  yields  L=2  cm  for  NA=  .17 
and  two-fold  collimation,  and  L=  3 cm  for  NA=  .25  and  three-fold  collima- 
tion. Thus,  this  device,  using  three-fold  collimation,  is  about  one-half 
as  long  as  the  3 dB  coupler  multiplexer. 

As  will  be  detailed  in  the  next  section*  the  above  procedure 
does  not  lead  to  the  best  results  for  the  signal  to  crosstalk  ratio.  A 
problem  arises  when  the  spacing  between  the  output  ports  becomes  small 
relative  to  the  thickness  of  the  crystal.  In  this  case*  the  fringing 
electric  field  will  partly  "fill  in”  the  gaps  between  the  spoiler 
electrodes  resulting  in  a smaller  variation  in  electric  field  intensity 
at  the  output  ports  and  therefore  a smaller  An  seen  by  the  light  rays. 
There  are  two  modifications  which  can  be  made  to  the  above  basic  design 
of  Figs.  19  and  20  to  remedy  this  situationi  the  electrodes  can  be  made 
narrower  and  therefore  cover  a smaller  output  port*  or  the  fibers  can  be 
separated  by  a larger  distance.  If  the  fibers  are  separated  by  a larger 
distance*  then  the  crystal  must  be  made  longer  in  order  that  the  angular 
cone  will  still  fully  illuminate  the  four  outputs*  and  this  will  in- 
crease the  throughput  loss  somewhat.  In  actual  practice  the  optimum 
design  was  found  by  experimenting  with  several  designs  similar  in 
structure  to  Fig.  19*  but  using  various  length  and  width  modifications 


as  discussed  here.  In  general , there  is  a tradeoff  of  throughput  loss 
versus  signal  to  crosstalk  ratio,  so  the  best  device  will  depend  on  the 
particular  application. 

In  order  to  estimate  the  throughput  loss  for  the  spoiler  multi- 
plexer, the  light  intensity  distribution  at  the  output  end  of  the  crystal 
must  be  known  as  a function  of  the  fiber  and  device  parameters.  There  are 
several  factors  that  must  be  considered!  (l)  The  circular  cone  of  the 
fiber  in  free  space  is  compressed  in  one  dimension  by  the  LiTaOg  wafer; 

(2)  The  fiber  has  a non-zero  width;  that  is,  light  cannot  be  considered 
to  emanate  from  a point  source;  (3)  Rays  entering  the  crystal  at  different 
angles  have  different  reflection  coefficients;  (4)  The  collimation  proce- 
dure tends  to  collimate  the  higher  angle  rays  more  than  the  lower  angle 
rays.  The  computer  program  of  Section  3 can  be  modified  to  perform  this 
calculation.  The  following  are  adjustable  input  parameters!  fiber  diameter 
fiber  NA,  fiber  index,  anti-reflection  fluid  index,  crystal  index,  crystal 
length,  and  desired  collimation.  The  results  of  a typical  calculation  are 
given  in  Fig.  21  for  3.5  cm  long  LiTa03>  using  an  85  urn  fiber  with  NA=  .25, 
three-fold  collimation  and  an  AR  fluid  with  n~  1.62.  As  can  be  seen  from 
the  graph,  the  light  intensity  distribution  at  the  output  end  of  the 
crystal  is  far  from  uniform. 

The  non-uniform  light  distribution  means  that  the  throughput 
loss  will  depend  on  where  the  output  ports  are  positioned  and  will  be 
different  for  each  port.  The  loss  can  be  found  by  computing  the  light 
power  in  the  area  occupied  by  the  output  fiber,  dividing  by  the  total 
input  power,  and  adding  one  to  two  dB  extra  loss  for  size  mismatch  of 
the  fiber  and  crystal.  For  the  three-fold  collimation  case,  we  find  that 
the  total  theoretical  loss  ranges  from  11  to  13  dB  for  the  four  output 
fibers.  If  the  roles  of  the  inner  and  outer  branches  of  the  multiplexer 
are  reversed  for  the  demultiplexer,  then  the  maximum  loss  will  decrease 
to  the  average  of  the  best  and  worst  case  loss,  or  about  12  dB.  Further- 
more, this  throughput  does  not  include  any  increase  in  light  intensity 
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FIG.  21  Light  output  at  end  of  3.5  cm  UTa03  crystal  for  85  pm  core 

fiber  with  NA  * .26,  three-fold  collimat ion  and  n ■ 1.62  AR  fluid. 


obtained  by  increasing  the  index  under  the  spoiler  so  as  to  guide  the 
light.  This  will  yield  at  least  another  one  or  two  dB  improvement,  so  that 
10  dB  throughput  loss  is  a very  reasonable  expectation  for  this  device. 

As  described  above,  some  of  this  throughput  may  be  traded  for  improved 
signal  to  crosstalk  ratio. 

4.2  Results  for  the  Spoiler  Multiplexer 

A variety  of  spoiler  multiplexers  were  designed,  built  and 
tested,  as  will  be  described  in  detail  below.  A typical  4:1  mask  design 
with  the  electrode  connections  illustrated  is  given  in  Fig.  22  and  a 
closeup  (not  to  scale)  is  shown  in  Fig.  23.  These  figures  are  for  the 
top  pattern  only.  Most  of  the  spoiler  masks  and  all  of  the  3dB  coupler 
masks  were  complicated  enough  that  they  require  a computer  program  to 
generate  the  mask.  A graphic  construction  of  the  computer  tape  output 
for  a top  12t3  electrode  pattern  is  shown  in  Fig.  24  (not  to  scale). 
Dimensions  are  in  mm.  All  electrical  connections  are  made  to  the  large 
pads  which  are  brought  away  from  the  central  electrode  pattern.  Fig.  25 
shows  the  computer  output  for  the  bottom  pattern  which  has  only  one  elec- 
trical connection  and  is  at  ground  potential.  In  Fig.  26,  sections  of 
the  actual  mask  are  shown  relative  to  the  entire  spoiler  design  itself* 

The  pattern  is  too  long  and  narrow  to  show  the  entire  pattern  to  scale 
in  one  photograph  in  a reasonable  manner. 

A total  of  ten  different  spoiler  multiplexers  were  constructed 
and  tested  with  fibers  using  the  same  procedure  outlined  for  the  3dB 
coupler  multiplexer  and  the  experimental  set  up  of  Fig.  17.  Fig.  27 
shows  the  general  layout  for  all  the  devices  and  the  lettered  dimensions 
on  the  drawing  correspond  to  the  columns  of  Table  3,  which  summarizes  the 
characteristics  of  all  ten  devices.  Photos  of  SM8  and  SM9(12t3)  are 
shown  in  Figs.  28  through  31. 

SMI  and  SM2  were  the  first  two  devices  made  and  they  were 
designed  using  the  basic  procedure  illustrated  in  Fig.  20.  SMI  is  2 cm 
long  with  two-fold  colligation,  while  SM2  is  3.4  cm  long  with  three-fold 
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FIG.  22  Maak  drawing  for  top  pattam  of  apoilor  mux. 
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FIG.  23  CtoMup  of  M«k  drawing  for  top  pattam  of  ipoilar  mux. 
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• 16  dB  SIGNAL /CROSSTALK 

• BANDWIDTH  POTENTIAL  > 100  MHz 

• 12  dB  THROUGHPUT  LOSS 

• 3 cm  X 1 cm  X 75  (im  LiTaOj 


FIG.  26  Spoiler  mux  in  use  with  fibers  end  illustrated  with  photos 
of  photoresist  mask. 


Spoiler  multiplexers  constructed  tinker  present  contract 
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FIG.  31  Spoiler  multiplexer  SM9,  closeup  of  bottom, 


collimation.  As  explained  in  Sec.  4.1,  the  spacing  s for  this  electrode 
structure  is  not  adequate.  The  crystal  thickness  is  approximately  75  nm 
and,  at  a distance  of  75  ^m  from  a pair  of  opposing  electrodes,  the 
electric  field  (z-component)  has  declined  to  only  about  .2  of  its  maximum 
value.  For  two  such  pairs  of  plates  the  field  in  the  center  is  about  .4 
of  its  maximum  value.  Thus,  the  voltage  variation  has  approximately  half 
of  its  full  possible  effect.  A scan  of  the  output  of  SMI  is  shown  in 
Fig.  32,  and  the  figure  indicates  a signal  to  crosstalk  ratio  of  about  7 to 
9 dB,  similar  to  that  of  SM2.  This  low  value  is  due  mainly  to  the  small 
electrode  separation  s = 125  ^m. 

SM3  was  constructed  next  and  had  s = 275  wn,  an  electrode  separa- 
tion equal  to  almost  four  times  the  crystal  thickness.  However,  for  this 
device,  the  electrodes  were  placed  too  close  to  the  input  fiber,  and  the 
light  became  channeled  between  the  two  central  triangular  electrodes.  With 
the  two  center  electrodes  on  ("blocking")  very  little  light  reached  the 
outer  two  electrodes,  resulting  in  very  high  throughput  loss  for  a small 
improvement  in  signal  to  crosstalk. 

SM4  is  different  from  the  other  devices  in  that  no  collimation 
was  used  on  the  output  in  order  that  the  output  light  could  be  more  easily 
observed  by  magnifying  and  focusing  the  light  on  a distant  screen.  The 
electrode  design,  however,  was  near  optimum  and  12  to  15  dB  signal  to 
crosstalk  ratio  was  achieved.  Due  to  the  lack  of  output  collimation  the 
throughput  loss  was  rather  high. 

For  SM5  the  electrode  spacing  was  again  too  small  especially  at 
the  input  end  where  the  electrodes  approached  to  within  75  M>m.  The  signal 
to  crosstalk  was  low,  9 to  10  dB. 

The  remaining  five  devices  used  the  same  basic  electrode  pattern, 
although  the  input  distance  and  length  were  varied.  This  design  used  an 
electrode  separation  of  275  iim  and  achieved  the  maximum  signal  to  crosstalk 
while  sacrificing  some  throughput  power.  The  devices  use  two-fold  collima- 
tion and  work  well  with  an  NA  of  about  .20.  This  NA  is  obtained  by 


overfilling  a Corning  fiber  with  NA  = .18.  The  Corning  fiber  with  NA  of 
.25  and  core  diameter  of  50  Mm  was  felt  to  be  more  suitable  for  the  data 
link  than  the  ITT  fiber  with  NA  of  .18  and  core  diameter  of  85  Mm.  More 
power  could  be  coupled  into  the  Corning  fiber,  and  the  core  diameter 
provided  a better  match  with  the  thickness  of  the  multiplexer  crystals. 

The  actual  width  of  the  collimated  fiber  end  using  two-fold  collimation 
is  170  Mm  (2  x 85  (Am),  while  the  electrode  width  d was  75  Mm.  The  fring- 
ing field  increases  the  effective  width  of  the  electrodes  so  as  to  "guard" 
the  entire  170  Mm  fiber  port. 

SM6  and  SM7  exhibited  the  highest  S/c,  14  to  16  dB  with  +200V 
applied  to  the  spoilers.  Higher  voltages  could  be  used  on  some  of  the 
devices  to  obtain  better  S/c.  For  example,  19dB  was  the  highest  S/c  ob- 
tained, using  +400V  on  the  spoilers,  but  the  multiplexer  drivers  were 
designed  only  for  +200V.  Also,  the  actual  increase  in  S/C  is  small  com- 
pared to  the  penalty  paid  with  the  much  larger  voltage.  The  throughput 
loss  with  +200V  applied  was  less  than  15dB  in  all  cases,  usually  ll-13dB. 

SM6  and  SM7  were  the  two  best  4:1  multiplexers  and  were  packaged  with 
fibers  to  be  used  in  the  4:1  multiplexed  data  link.  SM8  was  very  similar 
in  design,  but  for  unknown  reasons,  one  electrode  developed  an  open,  and 
this  device  was  not  usable  as  a 4:1  multiplexer.  Figure  28  is  a photo 
of  SM8  before  the  electrodes  have  been  epoxied  to  the  device.  Three 
patterns  are  visible  since  the  photoresist  mask  was  designed  for  a 12i3 
device,  but  the  crystal  size  in  this  case  was  large  enough  for  only  one 
complete  4il  multiplexer. 

SM9  and  SM10  are  12:3  devices  fabricated  on  a single  LT 
crystal.  All  three  4:1  multiplexers  on  both  devices  exhibit  approximately 
the  same  performance  as  a single  4:1  device  (S/c  = 15dB,  loss  + 13dB) 
except  that  one  electrode  (out  of  12)  on  SM9  is  defective.  Figures  29 
through  31  are  photographs  of  SM9  completed  with  attached  electrodes, 
but  before  the  fibers  have  been  epoxied  to  the  device.  Some  portions 
of  the  multiplexer  are  difficult  to  see  due  to  the  layers  of  glycolphthalate 
used  to  protect  and  bond  the  crystal. 
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The  capacitance  of  the  spoiler  devices  was  measured  at  1 kHz  and 
found  to  be  15  to  20  pF  for  one  spoiler  electrode  on  a 4:1  device,  and  40 
to  50  pF  for  three  such  electrodes  in  parallel  on  a 12:3  device.  Thus,  the 
capacitance  of  the  devices  will  not  be  a limiting  factor  in  obtaining  the 
required  1.28  MHz  bandwidth.  However,  there  is  an  interelectrode  capacitance 
(7-10  pF)  that  is  about  half  of  the  normal  capacitance  for  opposing  elec- 
trodes, and  this  interelectrode  capacitance  increases  the  complexity  of 
the  driving  circuitry  (see  Sec.  6.5). 

The  device  characteristics  measured  and  reported  on  in  this 
section  are  ideal  in  that  the  device  is  mounted  on  a rigid  support  and 
precise  translation  stages  are  used  to  accurately  position  the  individual 
input  and  output  fibers.  In  particular,  the  loss  and  S/C  of  an  output 
port  is  recorded  for  a fiber  positioned  at  the  precise  optimum  position 
for  that  port.  The  theoretical  performance  of  a data  link  can  be  extrapo- 
lated from  such  measurements,  but  a much  more  severe  test  occurs  when  fibers 
are  rigidly  attached  to  the  device  and  the  entire  unit  is  packaged  as  a 
unit.  This  procedure  is  described  in  the  next  section. 

5.  FIBER/DEVICE  COUPLING  AND  PACKAGING 

5.1  Fiber/Device  Connections 

One  of  the  more  important  tasks  to  be  completed  in  fabricating  a 
fiber  optic  switch  is  the  permanent  and  secure  connection  of  the  optical 
fiber  to  the  device.  The  fiber  connections  required  for  a 12:3  spoiler 
multiplexer  (or  demultiplexer)  are  shown,  without  non-normal  incidence  butt 
coupling,  in  Fig.  33.  Of  course,  a 4:1  multiplexer  requires  only  one-third 
of  the  input  and  output  fibers  shown  in  the  drawing.  Each  4:1  multiplexer 
uses  four  signal  information  carrying  fibers  for  input  with  each  fiber 
positioned  exactly  in  front  of  one  electrode.  In  addition,  two  fibers  are 
included  on  either  end  of  the  four-spoiler  array  for  carrying  the  timing 
and  synch  pulses.  These  outer  two  fibers  have  somewhat  lower  throughput 
than  the  central  four  fibers,  but  the  two  fiber  redundancy  is  generally 
sufficient  for  an  adequate  signal.  Also,  shown  in  Fig.  33  are  the  correct 
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electrical  connections  for  parallel  operation  of  a 12:3  device  with  pad  1 
connected  to  pad  5,  pad  2 to  pad  6,  etc. 

5.2  Fiber  Terminations 

The  final  design  for  the  spoiler  electrode  multiplexer  uses 
electrodes  spaced  on  400  pm  centers.  Used  with  2tl  collimation,  this 
requires  that  an  array  of  fibers  be  formed  accurately  spaced  on  200  urn 
centers,  while  the  Corning  fiber  chosen  for  the  link  has  125  pm  cladding 
diameter.  A series  of  accurate  grooves  are  required  to  correctly  align 
and  hold  the  fibers  before  epoxying  in  place  and  polishing.  It  was  felt 
that  only  a photolithographic  process  would  have  the  required  accuracy  in 
defining  such  a pattern,  and  a mask  was  designed  consisting  of  a series 
of  three  sets  of  six  lines  spaced  on  200  pm  centers  and  varying  in  width 
from  25  to  175  ijn.  Several  methods  were  considered  for  actually  forming 
the  grooves  themselves i etching  glass  with  HF,  preferential  etching  in 
silicon,  or  exposing  a thick  photopolymer  such  as  Riston.0  The  first 
two  methods  were  used  successfully,  while  time  limitations  prevented  an 
adequate  test  of  the  Riston. 

The  glass  etching  procedure  is  the  simplest,  although  it  does 
not  produce  the  best  grooves.  A glass  slide  is  cleaned  and  then  baked 
at  150°C,  and  then  evaporated  with  a flash  of  Cr  and  300oA  of  Au.  The 
slide  is  coated  with  resist,  exposed,  developed  and  baked  at  150°C  for 
an  hour.  The  Cr  and  Au  are  then  removed  from  the  grooves  with  commercial 
etchants.  The  glass  slide  is  placed  in  a HF  solution  and  ultrasonic  for 
100  to  200  sec.  Figure  34  shows  an  end  on  view  of  one  such  glass  slide. 
The  best  grooves  are  straight,  round  and  quite  smooth,  but  usually  a 
depth  of  only  about  50  to  70  pm  can  be  obtained.  However,  this  is  enough 
to  hold  the  fiber  temporarily  for  epoxying. 

g 

Preferential  etching  in  silicon  has  been  used  for  several 
years  in  integrated  electronic  circuit  technology  and  more  recently*® 
in  fiber  optics  for  aligning  fibers.  A 300oA  layer  of  S^,  grown  on 
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FIG.  34  Photograph  of  optical  fiber  alignment  grooves  made  by  etching 
glass.  Groove  width  at  top  of  glass  is  125  Mm. 
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a .5  ram  thick  (100)  wafer  of  Si,  is  used  as  the  mask  for  the  etching  of  Si. 

The  pattern  is  etched  in  the  SiO_  first  with  standard  photoresist  techniques 

9 

and  buffered  HF.  Then  a KOH-alcohol  system  is  used  to  etch  the  Si  grooves 
defined  by  the  Si02  layer.  The  etching  is  highly  preferential  in  that  the 
etch  rate  for  the  (lOO)  direction  is  about  50  times  that  of  the  (ill) 
direction.  If  the  grooves  are  placed  in  the  (llO)  direction  on  the  (100) 
wafer,  the  result  is  a triangular  shaped  groove  with  smooth  sides.  The 
width  is  almost  entirely  fixed  by  the  width  of  the  initial  mask  opening. 
Figure  35  is  a photograph  of  a Si  substrate  etched  about  75  p>m  using  this 
technique.  With  further  etching,  the  bottom  of  the  groove  descends  deeper 
until  a triangular  groove  is  formed. 

The  grooved  glass  or  silicon  wafer  is  next  epoxied  to  an  aluminum 
base.  The  individual  fibers  are  placed  in  a PVC  jacket,  and  this  bundle 
is  clamped  in  place  on  the  aluminum  base.  The  plastic  protective  coating 
is  removed  from  about  2 cm  of  the  ends  of  the  fibers,  and  the  fibers  are 
laid  in  the  grooves  and  epoxied  in  place.  The  assembly  is  then  cut  on  a 
diamond  saw  at  the  correct  angle  and  the  ends  of  the  fibers  are  polished. 

A completed  unit  is  shown  in  Fig.  36.  The  technique  for  holding  the  fibers 
in  the  grooves  while  epoxying  is  not  satisfactory  and  results  in  error  in 
the  positioning  of  the  fibers  (i.e.,  they  are  not  perfectly  uniformly 
spaced  as  can  be  seen  from  the  photograph).  This  misalignment  does  con- 
tribute to  a reduction  in  signal  to  crosstalk  ratio  (perhaps,  2 to  4 dB) 
and  is  therefore  important.  However,  it  is  felt  that, with  more  care,  future 
fiber  holders  can  be  made  more  precise. 

5.3  Packaging 

After  the  fiber  connectors  have  been  fabricated,  they  are 
epoxied  to  the  device.  The  procedure  is  as  followsi  first,  with  the 
device  mounted  on  an  optical  post,  the  input  fiber  connector  is  tempor- 
arily fastened  to  a precision  translation  device.  The  optical  output 
from  the  device  is  monitored  as  the  input  fiber  is  adjusted  for  the 
exact  correct  position,  and  then  the  connector  and  device  are  epoxied. 
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FIG.  35  Photograph  of  optical  fiber  alignment  grooves  made  by 
preferential  etching  in  silicon. 


FIG.  36  Photograph  of  a completed  optical  fiber  termination  cut 
and  polished  at  23°. 


The  procedure  is  repeated  with  the  output  connector.  An  index  fluid* 

(n  = 1.6  to  1.7)  is  used  between  the  fibers  and  device  to  reduce  reflection 
losses.  This  fluid  is  relatively  non-volative  and  should  last  at  least 
several  months,  although  the  exact  length  of  time  is  not  certain.  The 
fluid  is  easily  replaced  if  it  does  eventually  evaporate.  Future  fabri- 
cation improvements  would  include  sealing  the  interface  so  that  the  index 
fluid  is  permanently  in  place  or  using  a high  index,  clear  cement. 

It  was  anticipated  that,  in  epoxying  the  multi-fiber  connectors  to 
the  device,  the  performance  would  deteriorate  over  the  ideal  lab  test 
measurements.  Before  epoxying,  the  devices  had  an  inherent,  with  optimum 
fiber  placement,  14  to  16  dB  signal  to  crosstalk  ratio.  Afterward,  the 
performance  had  decreased  to  10  to  13  dB.  There  are  two  reasons  for  this 
degradation:  the  fibers  were  not  perfectly  positioned  as  mentioned  above 
and  the  connector  units  were  not  perfectly  aligned  or  shifted  slightly 
during  the  epoxying.  The  throughput  loss  is  generally  unaffected,  but 
the  S/C  ratio  is  much  more  sensitive  to  positioning,  since  this  ratio  is 
a strong  function  of  the  leakage  of  light  contributing  to  crosstalk,  which 
is  inherently  a very  small  quantity.  Therefore,  this  ratio  is  very  intol- 
erant to  small  deviations  of  the  fiber  from  the  ideal  position.  However, 
it  is  felt  that  future  improved  fabrication  procedures  should  reduce  the 
approximately  4 dB  degradation  of  S/C.  suffered  by  these  first  attempts 
at  fiber/device  packaging. 

Another  problem  was  encountered  in  attempting  to  epoxy  the 
eighteen-fiber  input  connector  and  3-fiber  output  connector  to  the  12:3 
multiplexer.  In  this  case,  the  positioning  problem  is  much  more  severe, 
since  tolerances  of  about  50  Urn  must  now  be  maintained  over  distances  of 
5 mm,  the  distance  between  4:1  multiplexer  patterns.  With  the  4:1  devices 
the  same  absolute  accuracy  of  50  Urn  was  required,  but  only  over  distances 
of  .5  mm  (an  order  of  magnitude  reduction).  The  problem  is  made  severe 
by  the  23°  termination  angle  that  is  used  for  coupling.  An  error  in  that 
angle  will  cause  a positional  err cr  in  the  fibers  when  they  are  joined  to 
to  the  device.  A positional  error  of  less  than  50  ^m  over  the  5 mm 


distance  between  4:1  multiplexers  requires  an  angular  accuracy  of  less 
than  .16°.  The  fabrication  procedures  used  for  making  the  angular  fiber 
terminations  and  sawing  the  crystals  relative  to  the  multiplexer  electrode 
pattern  are  not  within  the  required  accuracy.  This  precluded  the  develop- 
ment of  a complete  packaged  12:3  device.  It  is  felt  that  if  it  is  necessary 
to  have  several  devices  on  a single  crystal  then  the  procedures  could  be 
refined  to  obtain  the  desired  accuracy  in  the  future.  At  present,  however, 
procedures  are  only  available  for  a single  multiplexer  on  a crystal  when 
angular  butt  coupling  collimation  is  used. 

A set  of  two  completely  packaged  4:1  multiplexer/demultiplexers 
are  shown  in  Fig.  37.  The  electrical  connector  pins  mate  directly  with  the 
multiplexer  driver.  The  fibers  are  contained  in  the  PVC  jackets  and  are 
ready  for  noting  with  the  source,  detector,  or  fiber/fiber  connectors. 

6.  DATA  LINK  COMPONENTS 
6.1  Optical  Fiber 

The  design  of  the  multiplexer  depends  to  some  extent  on  the 
characteristics  of  the  fiber  chosen,  mainly  core  diameter  and  NA.  As 
previously  described,  the  present  optimized  spoiler  multiplexer  was 
designed  based  on  a fiber  with  a core  diameter  of  about  85  nm  and  NA  = .20. 
However,  the  same  devide  without  modification  will  still  give  quite 
reasonable  performance  using  a range  of  core  diameters  from  50  nm  to  100  M>m 
and  a range  of  fiber  NA  from  .15  to  .25.  Over  these  ranges,  the  signal  to 
crosstalk  ratio  of  the  device  will  actually  remain  unchanged,  and  only  the 
throughput  loss  will  be  affected.  For  smaller  core  fibers  the  output 
coupling  loss  will  increase,  while  larger  core  fibers  increase  the  input 
coupling  loss.  A fiber  with  larger  NA  causes  light  to  spread  beyond  the 
array  of  output  fibers,  and  a fiber  with  a smaller  NA  results  in  less  light 
impinging  on  the  outer  fibers  of  the  array.  However,  the  throughput  loss 
should  not  increase  by  more  than  about  2 dB  over  the  ranges  listed  above. 


FIG.  37  Packaged  multiplexer  (or  demultiplexer)  unit  with  input 
and  output  fibers.  Unit  measures  11  X 6 X 3 cm. 
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Some  of  the  commercially  available  fibers  at  present  have 
specifications  that  fall  outside  the  ranges  given  above  for  the  final 
spoiler  multiplexer.  Restricting  consideration  to  low  loss,  (<20dB/)an), 
multimode  fibers,  the  core  size  may  range  from  50  gm  to  about  250  pm  and 
the  NA  may  be  from  .14  to  .30,  and  perhaps  .40  for  some  fibers  with 
plastic  claddings.  The  all  glass  fibers  (glass  core  and  glass  cladding) 
generally  fall  within  the  range  that  is  useful  with  the  present  spoiler 
multiplexer.  Some  of  the  plastic  clad  fibers  have  been  made  with 
larger  core  diameter  and  larger  NA  in  order  to  capture  more  optical 
power  from  LED  sources.  The  increased  NA  can  be  handled  quite  well  with 
the  basic  spoiler  multiplexer  arrangement,  if  the  present  design  incor- 
porates some  modifications  that  are  easy  to  implement,  mainly  constructing 
the  crystals  and  fibers  for  three-fold  collimation  instead  of  two-fold 
collimation.  Experiments  have  been  done  with  three-fold  collimation 
devices  that  show  such  a procedure  is  no  more  difficult  to  use  than  two- 
fold collimation;  however,  an  extra  1 dB  total  reflection  loss  per  device 
was  observed  for  this  larger  incident  angle. 

The  large-core-diameler  fibers  can  be  used  if  the  thickness  of 
the  crystal  is  made  larger  so  as  to  limit  coupling  losses  to  acceptable 
values.  For  example,  the  125  Pm  diameter  core  should  use  a crystal  thick- 
nexx  of  60  Pm  or  more  and  the  250  Pm  diameter  fiber  would  require  approxi- 
mately a 160  pm  thick  crystal.  This  latter  thickness  using  the  present 
electrode  design  would  require  approximately  twice  the  voltage  to  achieve 
the  same  signal  to  crosstalk  performance,  and  this  could  be  a problem  when 
the  required  multiplexer  driving  rate  is  more  than  1 or  2 MHz. 

The  actual  fiber  epoxied  to  the  devices  and  used  for  the  multi- 
plexed optical  data  link  is  made  by  Corning  and  has  85  pm  core  with  .18  NA, 
which  for  short  distances  can  be  increased  to  .20  NA.  The  fiber  was  chosen 
over  the  other  primary  candidate,  an  ITT  fiber  with  50  gm  core  and  .25  NA, 
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because  more  power  is  coupled  into  the  larger  core  Corning  fiber  when 
using  most  LED  sources.  Estimating  the  power  coupled  as  proportional 
to  (NA)  x (core  dian)  , the  Corning  fiber  has  a better  performance  by 
a ratio  of  1.85<1. 

6.2  Source  Considerations 

The  best  source  for  use  with  the  multiplexed  optical  data 
link  is  a Burrus-type,  GaAlAs  LED.  Only  the  Burrus  geometry,  where  the 
fiber  is  integrally  butt  coupled  to  the  active  emitting  area,  can  couple 
reasonable  amounts  of  power  into  a single,  small  core  glass  fiber.  The 
GaAlAs  composition  is  preferred  because  it  can  be  made  to  emit  in  the  .82 
to  .85  urn  wavelength  range  which  is  the  low  loss  region  for  most  fibers, 
as  opposed  to  the  GaAs  maximum  wavelength  of  .9  urn  where  the  loss  is 
higher.  The  LED  is  preferred  over  a laser  due  to  its  higher  reliability, 
better  lifetime,  and  much  easier  drive  requirements.  It  is  only  recently 
that  semiconductor  laser  sources  have  become  available  that  will  operate 
cw  or  50%  duty  cyle  at  room  temperature,  and  the  commercially  available 
devices  are  still  somewhat  unreliable  at  this  time. 

Unfortunately,  the  Burrus-style  LED  is  not  readily  available 
commercially  at  a reasonable  cost.  Bell-Northern  and  Plessey  have 
developed  this  type  of  LED,  and  coupling  of  .5  to  more  than  1 mW  of  optical 
power  into  a single  glass  fiber  appears  possible.  However,  at  this  time 
the  cost  of  these  devices  is  high.  Except  for  very  elaborate  coupling 
schemes  that  involve  lenses  or  other  means  for  focusing  light,  most  large 
area  LEDs  will  not  couple  a reasonable  amount  of  power  into  a single  glass 
fiber.  About  50  of  power  coupled  into  the  input  fibers  is  required  for 
a fair  demonstration  of  the  multiplexed  optical  data  link.  Most  of  the 
non-Burrus  LEDs  that  were  tried  could  not  achieve  this  power  but  rather 
were  limited  to  less  than  10  nW  input  power.  One  exception  to  this  is  a 
very  high  power  (40  mW)  LED  from  Hitachi  (HLD-20)  that  coupled  in  50  nW. 
However,  this  coupling  was  achieved  by  placing  the  fiber  extremely  close  to, 
although  not  touching,  the  active  area  of  the  diode.  This  is  a very  high 
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risk  procedure  since  touching  or  contaminating  this  surface  will  eventually 
destroy  the  performance  of  the  LED,  and  these  devices  are  also  fairly  costly. 


Not  having  any  reasonable  LED  to  use  as  an  alternative,  a cw 
laser  from  Laser  Diode  (LCW-5)  has  been  chosen  to  demonstrate  the  data 
link.  This  is  not  a very  satisfactory  choice  mainly  for  the  reasons  men- 
tioned above;  that  is,  these  diodes  seem  to  be  quite  unreliable  at  this 
time.  The  maximum  operating  temperature  is  specified  as  27°  C,  and 
extensive  heat  sinking  is  required.  A thermoelectric  cooler  was  used  with 
the  diode  for  this  purpose.  The  device  is  capable  of  coupling  50  HW  into 
a single  fiber  with  the  window  on.  With  the  window  removed  and  the  fiber 
butted  very  close  to  the  active  surface,  more  than  one  mW  can  be  coupled 
into  a fiber,  but  operating  in  this  manner  eventually  leads  to  contamina- 
tion of  the  surface  and  degradation  of  the  diode's  performance. 

The  semiconductor  laser  (LCW-5)  supplied  with  the  optical  data 
link  is  driven  by  a circuit  that  provides  the  required  200-250  mA  drive 
current  and  produces  a 32KHz  square  wave.  The  unit  is  self-contained 
except  for  .5  amp  at  -lOVdc  that  must  be  supplied  to  run  the  laser  ex- 
ternally and  1 to  5 amps  that  is  required  for  the  thermoelectric  cooler. 
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6.3  Detector  and  Preamp 

The  bandwidth  required  to  demonstrate  and  thoroughly  test  the 
performance  of  the  multiplexed  optical  link  is  approximately  an  order  of 
magnitude  greater  than  the  bandwidth  actually  needed  in  normal  operation 
when  the  receiver  is  used  only  to  recover  the  original  32  kb/s  data. 

For  testing  and  demonstration  purposes  one  wishes  to  resolve  and  measure 
the  individual  optical  pulses  provided  by  the  multiplexer,  and  these 
pulses  occur  at  a 320kHzrate  with  a rise  or  fall  time  of  100  nsec. 

Thus,  the  bandwidth  required  for  test  purposes  is  several  MHz»  while 


2 

Type  SHS-100,  PIN  photodiode,  with  a 5mm  active  area  and  a capacitance 
of  4 pF.  The  diode  chosen  is  moderately  priced  and  was  selected  over  an 
avalanche  photodiode  for  the  sake  of  simplicity  and  cost. 

For  the  test  measurements  of  Sec.  7,  straight  detection 
(photodetector  plus  resistor)  was  used  for  simplicity  whenever  the  re- 
ceived optical  signal  strength  was  adequate.  This  was  generally  the  case 
when  the  multiplexer  device  was  tested  and  the  throughput  losses  were 
low.  However,  since  less  than  50  y,W  was  generally  coupled  into  the  optical 
fiber,  amplification  was  a necessity  when  the  full  data  link  was  used. 

The  schematic  of  the  preamp  circuit  used  for  these  measurements  is  shown 
in  Fig.  38. 

6.4  Fiber  Connectors 

The  data  link  requires  fiber  connections  at  several  points  other 
than  for  the  multiplexer  and  demultiplexer  Input  and  output.  These  con- 
nection points  are  source-to-fiber,  fiber-to-detector  and  fiber-to-fiber, 
for  joining  the  output  of  the  multiplexer  with  the  input  of  the  demulti- 
plexer. Permanent  splices  and  connections  were  not  used  in  order  to  main- 
tain the  integrity  of  the  individual  multiplexer  and  demultiplexer  units 
and  to  allow  for  further  experimentation. 

The  fiber-to-fiber  coupler  is  shown  in  Fig.  39.  Basically,  it 
consists  of  a grooved  plexiglass  substrate  and  two  top  pieces  of  plexi- 
glass that  are  held  with  screws  and  clamp  the  input  and  output  fibers  in 
place.  Overall  dimensions  are  4 .4  cm  x .6  cm  x .6  cm.  The  connection  pro- 
cedure does  take  care,  but  will  yield  nonpermanent  connections  of  less 
than  one  dB  loss  for  small  core  diameter  multimode  fibers. 

The  fiber  connections  for  the  source  and  detector  operate  in  a 
similar  manner.  A grooved  piece  of  plexiglass  has  been  permanently 
attached  to  the  source  and  detector  units  so  that  a fiber  lying  in  the 
groove  matches  well  with  the  particular  device.  The  fiber  PVC  jacket  is 
held  in  place  by  a plastic  clamp  piece,  and  the  fiber  is  maneuvered  into 
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the  groove  and  held  there  with  fluid  or  tape*  Since  the  fibers  are  held 
away  from  the  active  source  or  detector  area  by  a window,  the  exact 
transverse  positioning  is  not  extremely  critical.  However,  the  input 
coupling  does  suffer  because  of  this  distance  between  the  source  and 
fiber,  and  less  than  50  uW  of  power  is  coupled  into  the  fiber  from  a 5mW 
laser  source.  The  fiber  to  detector  coupling  is  much  less  critical,  and 
the  output  coupling  losses  are  low. 

6.5  Multiplexer  Driver  Electronics  and  Synchronization 

The  multiplexer  or  demultiplexer  driver  is  housed  in  a 14  x 
25  x 15  cm  enclosure  as  shown  in  Fig.  40  and  is  equipped  to  allow  the 
packaged  multiplexer  to  plug  directly  into  the  side  of  the  driver  unit. 

A block  diagram  of  the  electrical  circuit  for  one  of  the  four  driver 
channels  is  shown  in  Fig.  41.  Each  driver  unit  consumes  less  than  50W 
of  power  and  is  air  cooled  by  a fan  mounted  inside  of  the  cabinet. 

The  electrical  output  for  each  of  the  four  channels  is  shown 
in  Fig-  42.  The  pulse  repetition  rate  for  each  individual  channel  is 
320KHZ  as  required  to  sample  a 32Kbit/s  input  signal  ten  times  per  pulse. 
The  actual  rise  or  fall  time  of  each  pulse  is  about  100  nsec.  The  vol- 
tage range  of  the  signal  is  fixed  by  two  external  supplies  that  must  be 
provided  separately.  These  supplies  fix  the  base  voltage  and  voltage 
peak  and  are  arbitrary  in  magnitude  except  that  the  difference  in  voltage 
between  the  two  supplies  should  not  exceed  the  400V  that  is  normally  used 
with  the  spoiler  devices.  For  example,  most  of  the  measurements  in  the 
next  section  were  taken  with  the  driver  base  line  at  -200V  while  pulsing 
to  +200V  or  at  -350V  pulsing  to  +50V.  The  two  external  high  voltage  dc 
supplies  must  be  capable  of  delivering  about  100  ma  apiece.  In  addition, 
two  5V  supplies  are  required  that  will  provide  approximately  1 amp  each. 
If  proper  electrical  connections  are  made,  one  driver  can  easily  drive 
both  the  4il  multiplexer  and  demultiplexer  or  a 12 »3  multiplexer  without 
any  significant  added  power  consumption  over  that  required  for  a single 
4«1  device. 
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FIG.  40  Multiplexer  driver.  Unit  measures  14  X 25  X 15  cm  and 
consumes  less  than  50  W. 
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FIG.  41  Circuit  diagram  of  multiplexer  driver. 
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FIG.  42  Output  voltage  from  four  channels  of  multiplexer  driver. 
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Under  normal  operating  conditions,  the  link  would  provide  synchro- 
nization between  the  multiplexer  and  demultiplexer  by  means  of  a signal  from 
a red  LEO  added  to  the  main  infrared  signal  at  the  multiplexer  end  and 
removed  from  the  demultiplexer  end  by  appropriate  color  filters.  As 
described  in  the  previous  sections,  the  fibers  necessary  for  this  timing 
operation  are  positioned  at  both  ends  of  the  fiber  array  in  the  spoiler 
design  and  these  timing  fibers  have  been  included  with  the  packaged  device. 

In  addition,  two  separate  drivers  have  been  constructed  for  the  multiplexer 
and  demultiplexer  so  that  timing  can  be  incorporated  easily  into  the  driver 
electronics  in  the  future.  However,  optical  timing  was  not  incorporated 
into  the  present  multiplexed  link,  and  instead  an  electrical  signal  from 
the  multiplexer  driver  also  controls  the  timing  on  the  demultiplexer  driver. 
While  this  electrical  approach  is  much  simpler,  it  is  felt  that  inclusion 
of  timing  by  optical  pulses  should  not  present  any  fundamental  problems  and 
can  be  added  in  the  future  if  desired  while  not  affecting  the  validity  of  the 
experiments  made  on  the  present  test  link. 

7.  MULTIPLEXED  OPTICAL  DATA  LINK 

7.1  Single  Multiplexer  Unit  Performance 

The  performance  of  the  two  individual  multiplexer  (or  demultiplexer) 
units  shown  in  Fig.  37  were  first  tested  individually  using  the  experimental 
arrangement  of  Fig.  43.  The  GaAlAs  laser  source  was  coupled  to  the  input 
fiber  of  one  of  the  devices  used  as  a demultiplexer,  while  a PIN  photo- 
diode monitored  each  output  fiber  individually.  (The  performance  of  the 
device  when  used  as  a multiplexer  is  identical.)  Both  dc  voltages  and  the 
high-frequency  multiplexer  driver  were  used  in  the  experiments.  The  link 
was  also  qualitatively  tested  with  a Plessey  LED  source  and  similar  results 
were  obtained. 

The  results  of  the  dc  tests  are  given  in  Table  4 for  the  unit 
labeled  MUX  2.  The  results  for  MUX  1 are  similar.  In  the  table  the  power 
level  out  of  an  individual  fiber  is  given  in  units  of  -dB  down  from  the 
input  level  and  as  a function  of  a given  voltage  applied  to  the  electrode 
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dc  MEASUREMENTS 


FIG.  43  Experiments!  arrangements  used  for  dc  and  high  frequency 
measu remen t$  of  an  individual  multiplexer  or  demultiplexer. 


that  corresponds  to  that  fiber.  From  the  table  the  throughput  loss  and  signal 
to  crosstalk  ratio  can  be  found  for  any  operating  voltage  levels.  For  a 
maximum  voltage  swing  of  400  V,  the  optimum  operating  points  appear  to  be 
about  -200  V to  +260  V.  For  this  range,  the  throughput  is  about  15  dB  down, 
and  the  signal  to  crosstalk  ratio  is  13  to  16  dB. 

The  signal  to  crosstalk  ratios  for  an  individual  multiplexer  unit 
using  the  high  frequency  driver  are  given  in  Table  5 for  two  different 
voltage  ranges:  -350  to  +50  and  -200  to  +200  volts.  The  -350  to  +50  volt 
range  yields  far  superior  performance,  11  to  14  dB  signal  to  crosstalk 
ratio,  as  opposed  to  the  -200  to  +200  volt  range,  4 to  7 dB.  This  trend 
could  be  predicted  by  the  dc  measurements  of  Table  4,  but  the  crosstalk  is, 
in  general,  higher  for  the  high  frequency  case  than  for  the  dc  measurements. 

In  particular,  it  is  harder  to  turn  an  output  port  "off";  that  is,  a stronger 
negative  pulse  is  needed  to  reduce  the  output  than  would  be  predicted  from 
the  dc  measurements.  The  exact  cause  of  this  behavior  is  not  known  at  this 
time . 

Oscilloscope  traces  for  each  output  port  are  shown  in  Fig.  44  for 
the  -350  V to  +50  V range  and  in  Fig.  45  for  the  -200  V to  +200  V range. 

The  optical  signal  supplied  by  the  source  is  a 32  kHz  square  wave  while  the 
demultiplexer  samples  the  signal  ten  times  per  cycle  as  shown.  The  signal 
to  crosstalk  ratio  can  be  read  directly  from  the  photos  as  the  ratio  of  the 
peak  signal  height  to  the  signal  strength  in  the  valley  between  the  peaks. 

In  order  to  illustrate  the  relative  timing  of  the  optical  signals, 
two  detectors  were  used  in  the  experimental  setup  of  Fig.  32,  and  the  output 
response  is  shown  in  Fig.  46.  Figure  46(a)  is  for  channels  2 and  3,  Fig.  46(b) 
for  channels  3 and  4,  and  Fig.  46(c)  shows  channels  2 and  4,  all  using  -350 
to  50  V. 

7.2  Complete  Multiplexed  Link 

For  the  final  testing  both  units  were  assembled  in  the  simulated 
multiplexed  optical  data  link  shown  in  Figs.  47  and  48.  Due  to  cost  con- 
siderations only  one  source  was  available  for  the  input  of  the  4:1 


p 


CHANNEL 

1 

2 

3 

4 


(S/C  (-H30/-350) 

12  dB 
11  dB 

13  dB 

14  dB 


S/C  (4200/- 200) 

5 dB 
4 dB 

6 dB 

7 dB 


TABLE  5.  Signal  to  crosstalk  ratio  of  Multiplexer  2 using  the  high 
frequency  driver. 
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FIG.  44  (a)  - (d)  Output  from  channel!  1 through  4 using  the  experimental 
arrangement  of  Fig.  43  and  the  high  frequency  multiplexer  driver 
twitched  between  -350  V and  +50  V.  Pulses  are  negative. 
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FIG.  45  (a)  - (d)  Same  as  Fig.  44  with  V = -200  and  +200  Volts. 
Pulses  are  negative. 


-70- 


FIG.  46  (a)  — (c)  Two  output  channels  from  a demultiplexer  unit. 

(a)  Channels  2 and  3.  (b)  Channels  3 and  4.  (c)  Channels 
2 and  4.  Pulses  are  negative. 
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FIG.  47  Photograph  of  complete  simulated  optical  multiplexed  data 
link. 
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multiplexer  unit,  but  the  source  could  be  coupled  to  any  one  of  the  four 
input  fibers.  The  output  of  the  multiplexer  was  connected  by  the  fiber- 
to-fiber  connector  to  the  input  fiber  of  the  demultiplexer,  and  finally 
the  output  of  the  demultiplexer  coupled  to  a PIN  photodiode  and  associated 
electronics.  The  source  was  modulated  with  a 32  kb/s  square  wave,  as 
before,  and  the  multiplexer  and  demultiplexer  driver  sampled  each  channel 
at  ten  times  per  bit.  Optical  timing  was  not  used  for  this  demonstration 
but  the  synch  fibers  and  the  two  separate  drivers  necessary  to  add  optical 
timing  in  the  future  have  been  included  in  the  demonstration  link.  For 
this  test,  an  electrical  line  connected  the  demultiplexer  driver  with  the 
multiplexer  driver  and  provided  the  synchronization. 

The  complete  link  was  tested  first  using  dc  voltages  on  the 
multiplexer  and  demultiplexer,  and  the  results  are  summarized  in  Table  6. 

The  throughput  losses  range  from  27  to  31  dB  for  both  devices  and  the 
fiber-to-fiber  connector,  while  the  signal  to  crosstalk  ratio  varies  from 
7 to  12  dB.  There  are  two  reasons  for  this  wide  range  of  signal  to  cross- 
talk ratio.  Using  both  the  multiplexer  and  the  demultiplexer,  the  per- 
formance of  the  total  link  now  depends  on  the  performance  of  both  devices 
Multiplexer  1,  which  was  the  first  device  packaged,  generally  yielded 
about  2 dB  less  signal  to  crosstalk  ratio  than  Multiplexer  2.  In  addition, 
there  is  also  the  problem  of  unequal  throughput  loss  for  each  channel  when 
using  the  spoiler  multiplexer  design.  Some  channels  are  stronger  than 
others,  and  the  leakage  crosstalk  from  a strong  channel  on  to  a weak  channel 
is  much  more  detrimental  than  for  the  reverse  situation. 

The  results  for  the  simulated  link  using  the  high  frequency 
drivers  are  summarized  in  the  photographs  of  Fig.  49.  In  this  case, 
the  bandwidth  of  the  receiver  is  limited  to  about  50  kHz  so  that  the 
partial  reconstruction  of  the  32kb/s  input  square  wave  can  be  seen  in 
the  output  waveforms.  Figure  49(a)  is  for  the  source  connected  to  inout 
channel  1,  (b)  is  for  channel  2,  etc.  For  this  case  the  throughput  loss 
was  less  than  30dB  for  all  channels,  and  the  signal  to  crosstalk  ratio 
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3J  m tO  H T1  HC*OHGO 


INPUT  FIBER 


1 

Through 

Loss 

s/c 

s/c 

s/c 

31  dB 

-10  dB 

-8  dB 

-12  dB 

2 

s/c 

Through 

Loss 

s/c 

s/c 

-12  dB 

29  dB 

-9  dB 

-11  dB 

3 

s/c 

s/c 

Through 

Loss 

s/c 

-7  dB 

-11  dB 

28  dB 

-12  dB 

4 

s/c 

s/c 

s/c 

Through 

Loss 

-8  dB 

-9  dB 

-10  dB 

27  dB 

TABLE  6.  Throughput  loss  and  signal  to  crosstalk  ratio  for 
simulated  link  and  dc  voltages  on  mux  and  demux. 
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CHANNEL  1 

2 

3 

4 

CHANNEL  1 
> 

3 

4 


FIG.  49  (a)  - (d)  Optical  output  from  demultiplexer  using  completed 
multiplexed  data  link,  (a)  through  (d)  are  for  input  on  channel 
1 through  4,  respectively. 
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varied  from  4 to  more  than  10  dB.  The  exact  cause  of  the  deterioration  of 
the  worst  case  signal  to  crosstalk  ratio  is  not  known  precisely  at  this 
time.  Part  of  the  problem  is  probably  due  to  the  slight  overlap  in 
driving  pulses  for  different  channels  from  the  multiplexer  and  demulti- 
plexer drivers.  It  was  not  possible  with  the  present  electronics  to 
completely  eliminate  this  overlap.  Failure  to  completely  turn  a gate 
off  before  opening  another  gate  could  account  for  the  observed  crosstalk. 
Also,  for  this  simulated  link  no  adjustments  were  made  for  the  optical 
transit  time  from  the  multiplexer  to  the  demultiplexer,  since  timing  was 
not  incorporated.  This  transit  time  is  only  about  5nsec.  but  with  the 
above-mentioned  pulse  overlap,  this  time  delay  could  aggravate  the  pro- 
blem further.  Finally,  there  may  exist  some  problems  with  the  fast  turn 
off  of  these  devices  due  to  charges  accumlating  in  interface  states  and 
discharging  at  a relatively  slow  rate.  This  is  a problem  that  needs 
further  investigation. 

8.  SUMMARY  AND  RECOMMENDED  RESEARCH 

A 4:1  multiplexed  optical  data  link  has  been  constructed  and 
tested.  The  functioning  of  the  link  centers  on  the  performance  of  two 
identical  electro-optic  switching  devices,  a 4*1  multiplexer  and  a 4:1 
demultiplexer.  These  devices  are  capable  of  handling  the  radiation  from 
relatively  large  NA  fibers  and  exhibit  less  than  15  dB  throughput  loss 
with  an  inherent  signal  to  crosstalk  ratio  of  15  dB.  Both  devices  have 
been  packaged  with  permanently  bonded  butt  coupled  fibers.  The  final 
mux  and  demux  units  with  multiple  input  and  output  fibers  have  less  than 
15  dB  throughput  loss  with  about  12  dB  signal  to  crosstalk  ratio. 

The  units  have  been  assembled  together  and  tested  in  an 
experimental  data  link.  Electrical  drivers  were  constructed  for  the 
mux  and  demux  tha.,  enable  the  devices  to  sample  each  of  four  32  kbit/s 
asynchronous  data  sources  at  the  rate  of  ten  times  per  bit.  The  informa- 
tion from  the  four  channels  would  normally  be  combined  on  one  optical 
fiber  by  the  mux  and  separated  at  the  demux  end  where  the  original 


signal  is  recovered.  The  four  channels  were  actually  tested  using  one 
source  and  one  detector  to  measure  the  throughput  losses  and  signal  to 
crosstalk  ratio  for  each  channel  of  the  link.  In  general,  the  losses 
were  less  than  30  dB  for  both  devices  and  the  fiber  to  fiber  coupler 
that  connected  them,  and  the  signal  to  crosstalk  ratio  varied  from  4 to 
more  than  10  dB  for  the  entire  link. 

The  devices  described  here  are  capable  of  functioning  in  a 
practical  optical  data  link  if  the  proper  optical  sources  are  used.  The 
multiplexer  and  demultiplexer  loss  is  approximately  30  dB  total  so  that 
if  a 10  dB/km  fiber  is  used,  then  a one  km  link  will  have  a 40  dB  loss. 
Used  with  a good  Burrus-type  LED  capable  of  coupling  several  hundred  pW 
into  a single  fiber,  these  devices  and  one  km  of  optical  fiber  will  yield 
a more  than  adequate  S/fa  at  the  receiver  end  for  the  32  kb/s  data  con- 
sidered here.  Longer  links  than  one  km  or  a faster  data  rate  could  be 
used  with  graded  index  fibers  and  higher  power  sources. 

The  results  of  this  contract  effort  have  shown  that  optical 
devices  can  be  constructed  to  perform  the  switching  and  multiplexing 
functions  required  for  a multi terminal  link  while  using  standard  multi- 
mode  fibers.  This  all-optical  operation  may  avoid  some  of  the  com- 
plexity and  expense  that  are  inherent  in  converting  signal  from  optical 
to  electrical  form  for  switching  purposes  and  then  back  to  optical  form 
for  transmission. 

The  most  fruitful  area  for  further  research  lies  in  modifying 
and  improving  the  basic  device  performance  by  any  one  of  a number  of 
potential  changes.  As  an  example,  it  is  possible  to  modify  the  present 
spoiler  design  so  as  to  produce  twice  the  index  change  with  the  same 
applied  voltage.  This  is  done  by  inserting  additional  electrodes  ad- 
jacent to  each  of  the  main  spoilers,  as  shown  in  Fig.  50,  and  connecting 
these  "guard"  electrodes  with  the  opposite  polarity  voltage.  The  com- 
bination of  negative  spoiler  electrodes  and  positive  guard  electrodes 
yields  twice  the  relative  index  change  for  the  same  applied  voltage. 
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SPOILER  ELECTRODES 


GUARD  ELECTRODES 

FIG.  50  Proposed  spoiler  mux  electrode  structure. 
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There  are  several  ways  this  modification  might  be  implemented. 
First,  the  present  voltage  could  be  cut  in  half  and  this  would  drop  the 
power  consumption  by  a factor  of  four  and  greatly  reduce  the  electrical 
driving  problems.  The  performance  of  the  devices  would  remain  the  same, 
of  course.  Alternatively,  the  same  voltage  could  be  used  and  the  device 
performance,  in  particular  the  signal  to  crosstalk  ratio,  should  improve 
considerably.  Some  devices  reported  on  earlier  in  our  research  have  shown 
signal  to  crosstalk  ratios  as  high  as  20  dB  when  operated  over  an  800V 
range,  which  is  equivalent  to  a 400V  range  using  the  new  proposed  elec- 
trode design. 

Another  possibility  with  this  electrode  design  is  to  double 
the  thickness  of  the  crystal  while  holding  the  voltage  the  same  as  before. 
The  new  design  with  150  pm  thick  crystals  will  give  the  same  index  change 
as  obtained  before  with  75  pm  thick  crystals.  The  thicker  crystals  will 
enable  these  devices  to  be  used  with  larger  core  fibers  such  as  the 
250  pm  core  plastic  clad  fibers.  The  obvious  advantage  of  the 
250  pm  core  fiber  is  that  one  may  couple  almost  ten  times  the  power 
coupled  into  a small  core  glass  fiber  when  using  less  expensive  and  more 
reliable  LED  sources,  and  this  cJacrly  eases  the  device  throughput  loss 
problems.  Another  strong  possibility  is  that  the  signal  to  crosstalk  ratio 
of  the  multiplexer  may  improve  considerably  with  the  thicker  crystals. 

The  thin  wafers  of  LT  that  are  used  at  present  tend  to  bend  and  deform 
easily  under  minor  stresses,  and  this  may  be  the  cause  for  the  imperfect 
light  propagation.  A 150  to  200  pm  thick  sample  would  be  sturdier, 
easier  to  work  with,  and  quite  possibly  devoid  of  the  strains  that 
scatter  light.  In  particular,  the  thicker  samples  would  not  require  the 
continuous  support  and  protection  with  a crystal  bond  cement  as  is  presently 
the  case. 

Some  further  effort  may  also  be  expended  in  improving  the  test 
demonstration  link,  such  as  including  optical  timing  and  synch  pulses, 
by  incorporating  four  Burrus-type  LED  sources,  or  by  improving  upon  the 
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detection  system.  Also,  improvements  are  desirable  in  the  fiber-to-device 
bonding  procedures  described  here.  These  bonding  attempts  were  the  first 
reported  on  for  this  kind  of  permanent,  practical  connection  of  fibers  to 
an  optical  switching  device.  Improvements  in  procedure  should  lead  to 
improved  signal  to  crosstalk  performance  and  more  devices  on  a single 
crystal,  such  as  a 12:3  multiplexer  with  integral  fibers. 


Other  electrode  designs  and  concepts  are  possible  that  improve, 
in  additional  ways,  on  the  performance  that  has  been  obtained  thus  far. 

It  is  felt  that  further  device  research  based  upon  these  results  will  be 
able  to  increase  the  signal  to  crosstalk  ratio,  decrease  the  throughput 
losses,  and  lower  the  voltage  and  power  requirements. 
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